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Abstract. The microphysical properties of rainfall at the is-
land of Réunion are analysed and quantiﬁed according to one
year of wind proﬁler observations collected at Saint-Denis
international airport. The statistical analysis clearly shows
important differences in rain vertical proﬁles as a function
of the seasons. During the dry season, the vertical structure
of precipitation is driven by trade wind and boundary-layer
inversions, both of which limit the vertical extension of the
clouds. The rain rate is lower than 2.5mmh−1 throughout
the lower part of the troposphere (about 2km) and decreases
in the higher altitudes. During the moist season, the average
rain rate is around 5mmh−1 and nearly uniform from the
ground up to 4km.
The dynamical and microphysical properties (including
drop size distributions) of four distinct rainfall events are also
investigated through the analysis of four case studies repre-
sentative of the variety of rain events occurring on Réunion:
summer deep convection, northerly-to-northeasterly ﬂow at-
mospheric pattern, cold front and winter depression embed-
dedintradewinds.Radar-derivedrainparametersareingood
agreement with those obtained from collocated rain gauge
observations in all cases, which demonstrates that accurate
qualitative and quantitative analysis can be inferred from
windproﬁlerdata.Fluxesofkineticenergyarealsoestimated
from wind proﬁler observations in order to evaluate the im-
pact of rainfall on soil erosion. Results show that horizontal
kinetic energy ﬂuxes are systematically one order of mag-
nitude higher than vertical kinetic energy ﬂuxes. A simple
relationship between the reﬂectivity factor and vertical ki-
netic energy ﬂuxes is proposed based on the results of the
four case studies.
1 Introduction
Soil erosion is a complex problem that can signiﬁcantly im-
pact the activities of humans and wildlife, vegetation, and in-
frastructures. It involves many spatially and temporally vary-
ing aspects of rainfall such as drop size distribution (DSD)
and intensity, wind speed, surface water (both standing and
ﬂowing), as well as vegetation cover and soil characteristics
(Brian, 2000; Kinnell, 2005; Iserloh et al., 2013). Properties
that determine the soil erodibility factor such as soil aggrega-
tion,shearstrength,rainintensity,andDSDaresubjecttoim-
portant seasonal variability (Romkens et al., 1990; Rosenfeld
and Ulbrich, 2003; Rao et al., 2009). Changes occurring be-
tween and during rainstorms can also signiﬁcantly affect the
incidence and intensity of rill and interrill erosion and, there-
fore, both short- and long-term hill-slope erosional response.
In this respect, a precise characterization of rainfall proper-
ties and variability is required in order to better represent the
impact of precipitation on erosion. This is particularly true in
the tropics, where heavy rainfall tends to signiﬁcantly trans-
form the landscape.
During the Taiwan Area Mesoscale Experiment
(TAMEX), Johnson and Bresch (1991) examined the
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characteristics of rainfall distributions in Taiwan using
soundings, surface precipitation data and radar observations.
One outcome of this experiment was to show that heavy
rainfall events were generally associated with either deep
convective (prefrontal or frontal) or stratiform (essentially
postfrontal) precipitation systems connected to mid-latitude
disturbances. The seasonal changes of the prevailing wind
(namely trade winds) and atmospheric stability were also
found to play an important role in the properties and distri-
bution of rainfall. The impact of trade winds on precipitation
is not surprising, as this phenomenon is a fundamental
component of atmospheric circulation in this part of the
world. Similar results were later found in Hawaii, where
trade winds prevail 85–95% of the time during the summer
and 50–80% of the time during winter (Sanderson, 1993),
and more recently in the Caribbean, during the Dominica
experiment (Smith et al., 2012). A few studies aimed at
describing the spatial variability of rainfall have also been
conducted in the Southern Hemisphere, in particular on
Réunion, a small, heavily populated, volcanic island located
in the South-Western Indian Ocean (SWIO) (Barcelo et al.,
1997; Baldy et al., 1996; Taupin et al., 1999). The vertical
structure of trade winds over Réunion was also investigated
by Lesouëf (2010) and Lesouëf et al. (2011), although these
authors did not investigate potential relationships between
atmospheric circulation and rainfall properties.
The island of Réunion is one of the rainiest areas on earth
and holds all rainfall world records for periods ranging from
12h to 15 days. It is regularly affected by torrential ﬂash
ﬂoods, landslides and solid transport in river ﬂow, and is thus
particularly subject to erosion processes due to its fragile vol-
canic soil. In this regard, this island represents an ideal natu-
ral laboratory to learn more about the properties of precipita-
tion in the tropics, as well as to evaluate the impact of rainfall
on soil erosion. The recent deployment of a wind proﬁler on
the island enables, for the ﬁrst time, a thorough investigation
of the space and time structure of rainfall in the SWIO area;
the wind proﬁler also represents an important asset to exam-
ine the microphysical properties of rainfall in the tropics.
The ability of wind proﬁlers (UHF or VHF) to estimate
rainfall properties was demonstrated by several investigators
(e.g., Wakasugi et al., 1986; Rajopadhyaya al., 1993) us-
ing a variety of techniques. Gossard (1988) and Gossard et
al. (1990) used a UHF proﬁler to retrieve DSD in light rain.
Williams (2002) used the SANS Air Motion (SAM) model
to derive vertical proﬁles of air motion, spectral width and
DSD from UHF Doppler spectra and obtained reliable results
for drop diameter greater than 1.5mm. Cifelli et al. (2000)
and Schafer et al. (2002) used a dual-frequency method
based on collocated UHF and VHF measurements, to esti-
mate rain rate (R) and DSD. Subsequently, Kanofsky and
Chilson(2008)quantiﬁed theerrorinDSD retrievalsandrain
bulk parameters in central Oklahoma using UHF wind pro-
ﬁler measurements and 2-D video disdrometer data.
The aim of the present study is to evaluate the microphys-
ical properties of rainfall in Réunion using one year of collo-
cated wind proﬁler and rain gauge observations. The overar-
ching objective is to facilitate the quantiﬁcation of kinetic en-
ergy ﬂux by raindrop and wind, which is the key to quantify-
ing the effect of precipitation on soil erosion. Indeed, erosion
models often ignore the fact that the eroding surface has a
microtopography, which forces water to ﬂow though a series
of shallow pools where material is transported by raindrop-
induced ﬂow (Kinnell, 2005). The kinetic energy estimates
used to represent this transport in model simulations are of-
ten small compared to experimental values that can be found
in the literature (Iserloh et al., 2013).
The article is organized as follows: an overview of the ge-
ographical and climatological characteristics of Réunion is
given in Sect. 2. Section 3 describes the data and method-
ology used to estimate DSD and kinetic energy ﬂuxes. The
meanprecipitationcharacteristicsduringwetanddryseasons
are presented in Sect. 4 together with a detailed analysis of
four typical cases representative of the main weather patterns
occurring at Réunion. Vertical and horizontal kinetic energy
ﬂuxes are estimated from DSD and wind data and a rela-
tionship between the reﬂectivity factor Z and vertical kinetic
energy ﬂux is proposed for each case study.
2 The island of Réunion
The island of Réunion (Fig. 1) emerges from sea level as
two volcanic summits originating from the same hot spot,
which explains its roughly circular shape of 60km mean di-
ameter with a peak altitude of 3000m. Intense erosion due
to the fragile volcanic soil and heavy precipitation have led
to a steep orography. The lava plateau, linearly inclined to-
wards the sea, overhangs sub-vertical ramparts of kilometric
size, which borders ancient craters (a.k.a. cirques). Due to its
geographical location (21◦ S, 55◦ E), Réunion is inﬂuenced
by tropical and subtropical climates. During summer, which
extends from December to February, the Intertropical Con-
vergence Zone (ITCZ) is close to the island, resulting in high
relative humidity and weak trade winds that favour the for-
mation of deep convective systems. During winter (June to
August), the subtropical upper level jet stream is closer to
Réunion (Hastenrath, 1991), leading to strong trade winds
and weak relative humidity conditions. Trade winds prevail
throughout the year, but signiﬁcantly intensify from April to
September (Baldy et al., 1996). As part of the Hadley cell
circulation, easterly winds prevail in the lower levels while
westerly winds prevail in upper levels. Lesouëf (2010) and
Lesouëf et al. (2011) have shown that the trade wind inver-
sion generally occurs around 2.5km above mean sea level
(a.m.s.l.) during the austral summer and between 2.4 and
3kma.m.s.l. during the rest of the year.
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Fig. 1. Topography of Réunion. The UHF wind proﬁler is located
at Saint-Denis Airport (20◦5303300 S, 55◦3104400 E). Red circles in-
dicate the locations of principal cities.
Cloud formation follows a strong diurnal cycle. Oro-
graphic forcing is responsible for stronger precipitation on
the eastern, leeward, coast (Fig. 2). Precipitation is generally
higher over the high reliefs than close to the coast (Fig. 2).
The maximum of precipitation occurs between 1000m and
2000ma.m.s.l. Precipitation regimes in Réunion can be di-
vided into two main seasons. The warm, moist, season ex-
tends from November to April and is associated with deep
convection,sometimesinrelationwithtropicalcyclones.The
most intense precipitation events occur during this period,
sometimes reaching world records (Quetelard et al., 2009).
The cool, dry, season extends from May to October, and
corresponds to the period when the island is mainly inﬂu-
enced by southeasterly trade winds. At this time of the year,
the polar-front jet can penetrate to subtropical latitudes, and
merge with the subtropical jet to form a single band (Pos-
tel and Hitchman, 2001). These phenomena may occasion-
ally reach Réunion and generate intense frontal precipitation
events.
3 Data and methodology
3.1 Radar data
The UHF radar and the rain gauge used in this study are both
deployed at Saint-Denis international airport, on the north-
ern coast of the island. This location corresponds to an in-
termediate area between the dry western zone and the east-
ern rainy zone (Fig. 2). The UHF wind proﬁler (Degreane
Horizon PCL1300) provides vertical proﬁles of reﬂectivity,
wind, spectral width and skewness every ﬁve minutes. In or-
der to retrieve the three components of the wind, the proﬁler
alternatively uses one vertical and four oblique beams, with
a one-way half-power aperture of 8.5◦. The oblique beams,
with an off-zenith angle of 13◦, are disposed every 90◦ in az-
imuth. The zenith-pointing beam radial velocity provides the
air vertical velocity during fair weather and Doppler velocity
  634 
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Figure 2. Mean annual rainfall (mm) in Réunion island over a 20-year period starting in 1981.  636 
Precipitation estimates are derived from rain gauge data deployed throughout the island.    637 
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Fig. 2. Mean annual rainfall (mm) on Réunion over a 20yr period
starting in 1981. Precipitation estimates are derived from rain gauge
data taken throughout the island.
of hydrometeors in precipitation. The horizontal wind com-
ponents are inferred from both oblique and vertical beam
measurements under the assumption of horizontal wind lo-
cal homogeneity. During an acquisition cycle, data collec-
tion is achieved in two modes – the low-altitude (high reso-
lution) and high-altitude (low resolution) modes. The differ-
ence between low altitude and high altitude modes is related
to the pulse width (300m vs. 750m) and repetition frequency
(22.22KHz vs. 12.34KHz). The low mode has a 75m verti-
cal resolution and provides observations up to 6750m (note
that this height is indicative and can vary depending upon
humidity and turbulence conditions), whereas the high mode
has a 150m vertical resolution and allows measurements up
to 12000m.
Proﬁlers receive backscatter returns from both atmo-
spheric (e.g., precipitation) and non-atmospheric (e.g. birds)
sources. The ﬁrst step in wind proﬁler data analysis is thus
to discriminate between those two sources so as to be able
to discard all non-atmospheric returns. In order to do this, a
large number of consecutive samples are integrated (in the
Fourier space) to increase the signal-to-noise ratio of atmo-
spheric signal. This task is performed for each range gate
and for each of the ﬁve transmitted beam directions. After
this ﬁrst step, called coherent integration, the four strongest
peaks in the resulting spectrum are examined to determine
the peaks that are likely to be associated with atmospheric
returns. This is done through the application of an ensemble
ofselectioncriteriabaseduponthevalueandspace-timecon-
tinuity of radial velocity, power and spectral width measure-
ments. Particular care is devoted to the detection and correc-
tion of bimodal peaks resulting, for instance, from the con-
catenation of atmospheric and ground clutter echoes, con-
tamination from birds, radio frequency interference or other
sources.
www.atmos-meas-tech.net/7/409/2014/ Atmos. Meas. Tech., 7, 409–418, 2014412 A. Réchou et al.: Properties of rainfall in a tropical volcanic island
3.2 DSD retrieval
The measurement of precipitation by UHF radar is achieved
by mapping the Doppler velocity spectrum into diameter
space by assuming that measured velocity is solely due to
the hydrometeor fall speed. Vertical ambient air motion and
atmospheric turbulence are thus considered to be negligible,
and Rayleigh scatter from particles is considered the essen-
tial contribution to the signal. This assumption of negligible
vertical air motion, which is valid in stratiform precipitation,
fails, however, in convection. Kanofsky and Chilson (2008)
found that the largest errors in rain-rate estimates are due to
unaccounted vertical ambient air motion. This error can nev-
ertheless be signiﬁcantly reduced by performing a spectral
average over 3 radar cycles (∼15min).
The DSD is estimated from the Doppler spectrum at each
range gate by applying a speciﬁc relationship between the
drop diameter and the terminal fall speed. From the retrieved
DSD, it is then possible to determine the vertical proﬁle of
theradarreﬂectivityfactor,themedianvolumedropdiameter
rainfall rate, and kinetic energy ﬂuxes. The above parameters
are estimated from the set of Eqs. (1)–(9) given hereafter.
First, we assume that, on average, the raindrop size dis-
tribution N(D), where D is the diameter, follows a gamma
function (Eq. 1, Ulbrich, 1983). The gamma function is
known to accurately describe a larger variety of DSD (Kozu
and Nakamura, 1991; Su and Chu, 2007) and to improve the
accuracy of R (Ulbrich and Atlas, 1998).
N(D) = NoDµe−3D, (1)
whereN0 is the number density parameter (m−3 mm−1−µ),
3 is the slope parameter (mm−1), and µ is a dimensionless
shape parameter.
Equations (2) and (3) provide the raindrop fall speed in
still air, taking into account the change of density with height
(Atlas et al., 1973; Foote and du Toit, 1969).
Wf(D) = α1 −α2e−α3D (2)
α1 = 9.65(ρo/ρ)0.4 α2 = 10.3(ρo/ρ)0.4 α3 = 600 (3)
From Eq. (4), which relates µ to 3, one can reduce Eq. (1)
to a two-parameter problem (Chu and Su, 2008).
3 = 50.0µ2 +1200.0µ+3390.0 (4)
The mean vertical Doppler velocity and reﬂectivity factor,
<Wf > (Eq. 5) and <Z > (Eq. 6), are directly measured by
the proﬁler at the resolution of the pulse volume. These pa-
rameters are deduced from Eqs. (1) and (2) after an integra-
tion over the diameter interval supposed to extend from 0 to
inﬁnity.
< Wf >= α1 −α2(1+α3/3)−(µ+7) (5)
< Z >= No0(µ+7)3−(µ+7) (6)
The expression of the precipitation rate R (Eq. 7) is obtained
from the same procedure.
R = No0(µ+4)π6−1(α13−(µ+4)−α2(3+α3)−(µ+4)) (7)
The rain kinetic energy ﬂux crossing an horizontal surface
of unit area during a unit of time is decomposed into a hor-
izontal kinetic energy ﬂux (HKEF), related to the raindrop
entrainment by the wind velocity V (Eq. 8), and a vertical
kinetic energy ﬂux (VKEF), which is a function of the drop
vertical velocity (Eq. 9). The value of 3 is obtained from
Eqs. (4) and (5), which allows for the retrieval of No from
Eq. (6).
HKEF = ρwV 2R/2 (8)
VKEF = ρwNo0(µ+4)π12−1[α3
13−(µ+4)
−α3
2(3+3α3)−(µ+4)
+3α1α2
2(3+2α3)−(µ+4)
−3α2α2
1(3+α3)−(µ+4)], (9)
where ρ and ρw are air and water density, respectively, and
0 is the gamma function. MKSA units are used.
DSDretrievalisonlyperformedforraindata.Anapproach
similar to that proposed by Rao et al. (2008) is followed in
order to identify rain echoes using speciﬁc criteria on Z and
Wf. Echoes are classiﬁed as rain echoes when Z >10dBZ,
Wf <−1ms−1 and normalized skewness <−0.1. The reﬂec-
tivity threshold is deﬁned by comparing the occurrence of
rain in rain gauge and in the lower levels of the UHF radar.
The additional use of a threshold on skewness allows for the
efﬁcient removal of snow echoes.
3.3 Radar calibration
Radar calibration is an essential step in deriving DSD from
a wind proﬁler. For power calibration, the radar backscat-
ter at the error-free lowest range gate is usually compared
to either disdrometer-derived Z/R or R obtained from a
rain gauge. In the present study, the radar calibration is per-
formedbycomparingradar-derivedrainrateswithraingauge
data, separately for dry and wet seasons (Fig. 3). Steiner and
Smith (2000) pointed out that uncertainties in radar and rain
gauge measurements are related to the space–time resolution
and coverage of observations, measurement errors, as well as
to weather conditions (i.e. the variability of the raindrop size
distribution). In this respect, it is important to determine the
range of uncertainties associated with quantitative precipita-
tion estimation.
The accuracy of rain gauge measurement depends both on
the surface collection and on the nominal mass failover of the
bucket. For an area of 1000cm2 and a mass of 20g, this gives
an amount of ∼0.2mm in height of water. The unit is set
to minimize the error at low intensities of rainfall. For very
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Figure 3: Scatter plot of radar- and rain gauge-derived rain rate for the period a) May 2009 -  646 
October 2009 (dry season) and b) November 2009 - April 2010 (moist season). Radar data are  647 
obtained between 400 and 500m amsl. Rain gauge data are obtained at sea level.    648 
  649 
  650 
  651 
  652 
  653 
  654 
  655 
  656 
  657 
  658 
  659 
  660 
  661 
  662 
  663 
  664 
  665 
  666 
  667 
  668 
  669 
Fig. 3. Scatter plot of radar- and rain gauge-derived rain rate for the
periods (a) May 2009–October 2009 (dry season) and (b) Novem-
ber 2009–April 2010 (moist season). Radar data are obtained be-
tween 400 and 500ma.m.s.l. Rain gauge data are obtained at sea
level.
high intensities (>150mmh−1), the maximum error in R can
reach −10% (the measure is always underestimated). It is
corrected numerically by recent acquisition systems. Clark
et al. (2005) observed that the primary source of uncertainty
in calibrating a proﬁler from disdrometer or rain gauge mea-
surements is related to the large reﬂectivity gradients in the
ﬁrst few hundred metres above the ground. To mitigate this
error, radar data used in the calibration process are taken as
close to the ground as possible, considering signal saturation,
receiver linearity, and ground clutter contamination. In the
present case, the best level was found to be between 400m
and 500m.
It can be seen from Fig. 3 that R is larger during the moist
season than during the dry season. Despite uncertainties in
radar–rain gauge comparisons ensuing from the above de-
scribed limitations, the correlation is >0.7 for both seasons,
which is a remarkable result. The spread of the scatter is
mostly due to the existence of different wind regimes, as will
be seen in the following section.
4 Results
4.1 Statistical analysis
Figure 4 presents the mean vertical proﬁle of rain rate as de-
rived from radar measurements between 0.4 and 3kma.m.s.l.
These statistics are built from samples of non-zero hourly
rainratesandarecomparedtocorrespondingraingaugedata.
During the dry season, the mean rain rate averages around
2.5mmh−1 within the ﬁrst two kilometres of the troposphere
before decreasing at higher levels (Fig. 4a). The variability is
relatively low (slightly higher above 2km), although higher
than the mean value throughout the observed vertical layer.
An overall decrease of the rain rate with height can also be
noticed. This observation is supported by surface rain gauge
measurements which show higher rain rates at the ground
than at the lowermost height given by the radar.
This result is quite unexpected, as one would expect a
gradual decrease of rain rate with altitude due to strong
low-level evaporation occurring during the dry season. The
vertical proﬁle of the corresponding wind patterns (Fig. 5)
670 
                   a)                                                                 b)   671 
  672 
Figure 4: Vertical profile of mean (plain line) and standard deviation (dashed line) of the rain  673 
rate as derived from UHF radar measurements during (a) the dry season and (b) the warm  674 
season. Red lines show corresponding rain-gauge estimates at sea-level.   675 
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Fig. 4. Vertical proﬁle of the mean (plain line) and standard devia-
tion (dashed line) of the rain rate as derived from UHF radar mea-
surements during (a) the dry season and (b) the warm season. Red
lines show corresponding rain-gauge estimates at sea-level.
suggests that the trade wind inversion is probably responsi-
ble for the observed vertical structure of the rain rate. Indeed,
the inversion of the trade winds around 3km seems to pro-
hibit the vertical development of convective clouds. Such a
feature has already been observed in previous studies (e.g.,
Riehl, 1954; Augstein et al., 1973; Stevens, 2007).
During the moist season (Fig. 4b), the retrieved rain rate
is higher at all heights and presents a regular increase with
height, reaching 10mmh−1 at 2kma.m.s.l. Clear differences
also exist in terms of event duration (not shown), with pre-
cipitation persisting longer (up to 6 to 8h) during the moist
season than during the dry season. The variability is also
much higher than during the dry season, and can reach up
to 25mmh−1 at 2 and 3kma.m.s.l. Also notice that the trade
wind inversion is smoother and occurs at a higher level dur-
ing the moist season (Fig. 5c–d), which is in good agreement
with results of Lesouëf (2010). The overall variability ob-
servedinbothseasonsisrelatedtothevarietyofprecipitation
systems affecting Réunion (see below). During the 2009–
2010 moist season, Réunion was also affected by several
tropical depressions, although none of them directly over-
passed the studied area.
4.2 Case studies
In order to gain more information on precipitation systems
that impinge on the island throughout the year, four dis-
tinct classes of weather patterns representative of the vari-
ety of rainfall events on Réunion are deﬁned: frontal sit-
uations (FF), strong trade winds (ST), low pressure sys-
tems associated with tropical depressions (LP) and north to
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Figure 5 : As in Fig. 4, but for the mean wind direction (a-b) and intensity (c-d).   692 
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Fig. 5. As in Fig. 4, but for the mean wind direction (a, b) and
intensity (c, d) during the dry season (a, c) and the moist season (b,
d).
north-easterly (NNE) ﬂow situations. The two latter classes
usually occur in summer and often lead to deep convection,
while the two former patterns generally occur in winter. Dur-
ing the period of interest of this study, these weather patterns
occurred cumulatively over 131 days. The FF and ST classes
were slightly less frequent than the climatological average
(24and46days,respectivelyincomparisontoclimatological
values of 30 and 53 days). During summer, the NNE pattern
occurred on 40 days (highest number of cases during the last
32yr), while the number of LP events was slightly smaller
than the climatological value (21 days against the climato-
logical value of 30 days). Among those 131 events, 89 were
observed by the wind proﬁler.
In order to evaluate the efﬁciency of UHF radar rain re-
trieval under various meteorological situations, four speciﬁc
days corresponding to each of the four weather patterns de-
scribed above were selected: 27 June 2009, 19 August 2009,
2 February 2010 and 17 March 2010. The synoptic situa-
tion associated with these particular weather events can be
inferred from the Meteosat images shown in Fig. 6. The
27 June 2009 event is associated with a cold frontal pas-
sage (FF) over the southern part of the island (Fig. 6a);
the 19 August 2009 event corresponds to a case of strong
trade wind inversion (ST) leading to the formation of low-
level clouds over the island (Fig. 6b); on 2 February 2010
(LP case), Réunion is under the inﬂuence of the tropical cy-
clone Fami, located over Madagascar, whose rainbands ex-
tend eastwards toward the island (Fig. 6c); the fourth case
study, on 17 March 2010, corresponds to a northerly to north-
easterly ﬂow situation (NNE) leading to the formation of
deep convective clouds over Réunion (Fig. 6d).
Figure 7 presents height–time contours of reﬂectivity, ver-
tical Doppler velocity, wind velocity and rain rate, deduced
from UHF radar measurements collected during the two win-
ter cases (i.e., on 27 June and 19 August 2009). On 27 June,
precipitation was weak to moderate, although high values of
reﬂectivity (reaching up to 40dBZ) could sometimes be ob-
servedinrelationtoconvectivefrontalprecipitation(Fig.7a).
The corresponding vertical Doppler velocities (Fig. 7c) was
always in the range of −6 to −8ms−1, which corresponds
to small-to-medium size raindrops. A signature of the frontal
pattern is visible in the horizontal wind contours (Fig. 7e),
as a sloping structure. The retrieved rain rate (Fig. 7g) could
reach up to 15mmh−1 when convective precipitation passed
over the radar, but it was generally weak.
On 19 August 2009, precipitation was mostly conﬁned
to lower altitudes (within 3km above the ground) and
was associated with low reﬂectivity values throughout the
event (Fig. 7b). The observed vertical Doppler velocities
were therefore relatively weak, and did not exceed 6ms−1
(Fig. 7d). A well-deﬁned trade wind inversion could be ob-
servedat∼4kma.m.s.l.witheasterlywindsbelowandwest-
erly winds above (Fig. 7f). These shallow clouds, which of-
ten prevail during winter, are mostly associated with strong
trade winds. They formed in the eastern part of the island as
a result of terrain induced forcing and are advected westward
over the radar. Precipitation is restricted to below the trade
wind inversion layer, which acts to prohibit the development
of clouds. The present result is in good agreement with Smith
et al. (2012), who noticed the existence of two main types
of convection over Dominica. During periods of weak trade
winds (in our case south to south-easterly wind direction, be-
fore 19:00UTC in Fig. 7), diurnal thermal convection prevail
causing leading to low precipitation (R <4mmh−1). During
periods of strong trade winds (SE’ly wind after 19:00UTC in
Fig. 7), mechanically forced convection over the windward
slopes brought heavy rain to the high terrain (>7mmh−1 up
to 2km).
In good agreement with results shown in Fig. 4, the two
summer cases appear to be associated with more intense pre-
cipitation. On 2 February 2010 (LP weather pattern), the
remnants of tropical cyclone Fami, which made landfall over
Madagascar a day before, generated intense convection over
Réunion island. High values of reﬂectivity (Fig. 8a) and ver-
tical Doppler velocity (Fig. 8c) could be observed at all
heights for more than one hour (14:00–15:15UTC). The
wind shear was also strong, especially before 16:30UTC
(Fig. 8e). This rain (>18mmh−1) and wind structure are
characteristic of deep convection, and are consistent with the
cloud structure observed in Fig. 6c.
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Fig. 6. Thermal infrared (10.5–12.5µm) Meteosat VISSR (visible and infrared spin-scan radiometer) Indian Ocean data coverage (IODC)
images at 12:00UTC and (a) 27 June 2009, (b) 19 August 2009 (c) 2 February 2010 and (d) 17 March 2010.
Fig. 7. Time–height sections of reﬂectivity factor Z (a, b), vertical
velocity W (c, d), horizontal wind V intensity and direction (e, f)
and precipitation rate R (g, h) on 27 June 2009 (left panel) and
19 August 2009 (right panel). A 15min average is used. Note that in
(e–f) there are more data, since all the data was taken into account.
The NNE case on the 17th march is characterized by
less intense precipitation, but is associated with short pulses
of very intense precipitation. Reﬂectivity, vertical Doppler
velocity and horizontal wind measurements show signiﬁcant
Fig. 8. As in Fig. 7 but for 2 February 2010 (left panel) and
17 March 2010 (right panel).
variability, with values ranging from 10 to 40dBZ, from −3
to −9ms−1 and from 2 to 23ms−1, respectively. The verti-
cal structure of the wind (Fig. 8f) indicates the presence of
strong horizontal winds at all altitudes. A directional wind
shear could be noticed with easterlies below 1km progres-
sively veering to northerly at 4kma.m.s.l. In that case, the
rain rate attains 18mmh−1 in short durations (∼15min) and
shows more variability with height.
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Fig. 9. Time series of rain rate (mmh−1) deduced from UHF
proﬁler data (blue line) between 400m and 500m and for (a)
27 June 2009, (b) 19 August 2009, (c) 2 February 2010 and (d)
17 March 2010. Red lines show corresponding rain-gauge estimates
at sea-level.
The radar-derived rain rates obtained between 400m and
500m for each of these events are compared against surface
rain gauge measurements over the same observation period
(Fig. 9). Overall, both data sets are in excellent agreement
whatever the considered weather pattern is, indicating that
accurate quantitative information can be inferred from the
analysis of wind proﬁler data. This potentially allows for
the investigation of the effect of precipitation on soil erosion
through estimating and analysing kinetic energy ﬂuxes de-
duced from proﬁler-derived DSD and wind data.
The vertical and horizontal kinetic energy ﬂuxes are esti-
mated from Eqs. (8) and (9). The time–height contours of
these ﬂuxes are presented in Fig. 10 for each of the four
weather events. Clearly, the horizontal kinetic energy ﬂuxes
exceed vertical kinetic energy ﬂuxes by a factor of 5–10 for
all four rain systems. This suggests that the erosion process
depends more on HKEF than on VKEF. A good agreement
between the reﬂectivity pattern and VKEF can also be seen
for all weather situations. Large values of VKEF are associ-
ated with strong reﬂectivities, meaning that weather patterns
yielding to convective rain (LP, frontal and NNE) produce
larger VKEF. The HKEF is found to be an order of magni-
tude larger than VKEF on 19 August 2009. The magnitude
of both VKEF and HKEF is relatively small compared to that
observed in other cases.
The relationship between the VKEF and radar reﬂectiv-
ity factor has been computed for all four cases from a soil-
erosion point of view. A linear regression analysis was per-
formed to derive a relationship between these parameters
under the form VKEF=αZβ (where α and β are searched
coefﬁcients). As expected from the previous discussion, the
correlation coefﬁcient is extremely high and always exceeds
0.99 (Fig. 11). The retrieved value of α varies slightly be-
tween the cases, from 0.0257 to 0.0398 and β = 0.9. Steiner
Fig. 10. Time–height sections of the rain horizontal (HKEF, left
panel) and vertical (VKEF, right panel) kinetic energy ﬂux for (a,
b) 27 June 2009, (c, d) 19 August 2009, (e, f) 2 February 2010 and
(g, h) 17 March 2010. A 15min average is used.
and Smith (2000) found a similar climatological relationship
for northern Mississippi, based on 1min raindrop spectra ob-
servations; in their study, Z = 25E1.1 (i.e., E = 0.055Z0.9),
which is quite close to the values obtained in the present
study.
5 Summary and perspectives
The climatological properties of rainfall during the moist and
dry seasons in Réunion were investigated using one year
(May 2009–April 2010) of UHF wind proﬁler and rain gauge
observations collected at Saint-Denis international airport.
During the dry season (May to October) precipitation is weak
(<2.5mmh−1) and is generally restricted to the ﬁrst three
kilometres of the atmosphere. The vertical extension of the
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Fig. 11. Vertical kinetic energy ﬂux VKEF, as a function of instan-
taneous reﬂectivity factor for (a) 27 June 2009, (b) 19 August 2009,
(c) 2 February 2010 and (d) 17 March 2010.
clouds is limited either by the inversion of the boundary layer
or by the trade wind inversion. In strong trade wind situa-
tions, the clouds do not overpass the height of trade wind
inversion located around 3000m. In weak trade wind sit-
uations, the clouds are more convectively driven and their
vertical extension is determined by the entrainment layer of
the boundary layer located around 2km. Such differences re-
sult in larger rain/rain rate variability above 2km. During
the wet season (November to April), the island is affected
by northerly to northeasterly ﬂow associated with more or
less intense convection, as well as by tropical depression
associated with strong precipitation and wind shear. These
weather patterns generate more intense (~5mmh−1) precip-
itation extending higher than during the dry season.
The dynamical and microphysical characteristics, includ-
ing drop size distributions, of four rainfall events representa-
tive of the variety of precipitating systems occurring in Réu-
nion during both warm and dry seasons were also investi-
gated. For all weather events, the radar-derived rain param-
eters were in good agreement with those inferred from the
analysis of collocated rain gauge observations. Results ob-
tained in these cases studies corroborate those of the clima-
tological analysis, both in terms of precipitation intensity and
vertical development.
Vertical and horizontal kinetic energy ﬂuxes were esti-
mated from DSD and wind data to help quantify the effect
of precipitation on soil erosion. Computed horizontal kinetic
ﬂuxes appear systematically higher than vertical kinetic en-
ergy ﬂuxes, which suggests that the erosion process depends
more on HKEF than on VKEF. The vertical kinetic energy
ﬂuxes are moreover strongly related to the reﬂectivity. It is
concluded that the use of power-law relationships is a vi-
able option for simplifying VKEF (rainfall) estimation pro-
cedures.
The analysis of observations collected at Saint-Denis,
Réunion demonstrates that accurate qualitative and
quantitative information on the structure and intensity
of precipitation can be inferred from the analysis of wind
proﬁler data, allowing for the investigation of the effect
of precipitation on soil erosion. The next steps will be to
achieve a statistical analysis of the horizontal and vertical
kinetic energy ﬂuxes for the dry and wet seasons (to con-
struct more robust relationships between these ﬂuxes and
the reﬂectivity factor), as well as to investigate potential
relationships between the drop falling angle, the slope of the
terrain and rain erosivity. The information on the vertical
structure of precipitation and DSD deduced from wind
proﬁler observations is also potentially useful to improve
weather radar rainfall estimates and will be further investi-
gated to improve radar quantitative precipitation estimates
over the island of Réunion.
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